Ubiquitination controls the stability or function of many human proteins, thereby regulating a wide range of physiological processes. In most cases the combinatorial pattern of protein interactions that facilitate substrate recognition or modification remain unclear. Moreover, the efficiency of ubiquitination reactions can be altered by the formation of homo-and heterotypic E3-RING complexes. To establish the prevalence and nature of binary E3-RING/E3-RING interactions systematic yeast two-hybrid screens were performed to test 7269 potential interactions between 124 human E3-RING proteins. These studies identified 228 dimeric interactions between 100 E3-RINGs, of which 205 were novel. Complementary co-immunoprecipitation studies were performed to test predicted network interactions, showing a high correlation (64%) with primary yeast two-hybrid data. This data was integrated with known E3-RING interactions, tissue expression profiles and proteomic ubiquitination datasets to facilitate identification of subnetworks in which E3-RING dimerization events have the potential to alter network structure. These results reveal a widespread yet selective pattern of E3-RING dimerization events, which have the potential to confer further combinatorial complexity within human ubiquitination cascades. Molecular & Cellular Proteomics 11: 10.1074/mcp.M111.016162, 1-11, 2012.
Protein ubiquitination is the reversible conjugation of target proteins with a small, highly conserved protein tag, which in concert with an increasing variety of post-translational modifications confers high-fidelity regulation of many physiological processes. Although different forms of ubiquitination are known to elicit distinct physiological effects (1) , the identity and range of E2/E3 ligase interactions that confer specific patterns of substrate modification remain unclear. Given the central role of these processes in protein homeostasis (2) it is not surprising that defects in protein ubiquitination are linked to the initiation or progression of disease, or degenerative conditions (3) . For this reason it is imperative that we develop a better understanding of the combinatorial interactions that drive specific ubiquitination events in different cells.
The canonical ubiquitination cascade is mediated by three classes of protein that determine the specificity and architecture of substrate modification. These are the E1-activating enzymes, the E2-conjugating enzymes, and the E3-ligases. Currently there are eight ubiquitin or ubiquitin-like E1-activating enzymes, 42 E2-conjugating enzymes, and Ͼ600 predicted E3 "ligases" annotated in the human genome (4) . These proteins work in a combinatorial manner to facilitate differential modification of specific protein substrates. In essence, E3 proteins can be divided into two subgroups; HECT domain ligases, which act as enzymatic intermediates in protein ubiquitination (5) , and noncatalytic E3 proteins; the E3-RINGs and the cullin E3 multisubunit complexes (6) . Of these, E3-RING proteins represent the largest single group with Ͼ300 members. In most cases, E3-RING proteins play a key role in controlling both substrate specificity and selective E2 recruitment.
Large numbers of E2/E3-RING interactions were recently characterized in two different high throughput yeast twohybrid (Y2H) 1 systems (7, 8) . Data from these independent studies provide highly complementary information, which when integrated with data from numerous small-scale studies produce a high-density map of human E2/E3-RING combinatorial preferences. Despite the complexity of this network a further level of specificity may be imposed by the formation of homo-and heteromeric E3-RING complexes. Although only a limited number of multimeric E3-RING complexes have been reported (9) it is now clear that E3-RING multimerization events play an important allosteric or structural role in mediating ubiquitin transfer (10, 11) . For example, heterodimeric RING1:BMI1 and BRCA1:BARD1 complexes have been both functionally and structurally defined (12, 13) . Interestingly, in both of these cases one E3-RING recruits the E2 enzyme(s) whereas the second facilitates the efficient ubiquitination of selective substrates (12, 14) . Furthermore, a subset of E3-RING proteins have been shown to form higher order multimeric complexes, which exhibit increased catalytic activity compared with their monomeric subunits (15) (16) (17) . Therefore, selective induction, or perturbation of E3-RING dimers may offer new ways of regulating specific biological processes. Although previous reports provided invaluable insight into the structure and function of multimeric E3-RING complexes, the prevalence and specificity of homo-or heterotypic E3-RING interactions remains unclear. To address this important question two complementary Y2H studies were performed in order to generate a high-density binary network containing 228 dimeric E3-RING interactions. This data was integrated with previously known interactions to generate a functionally unbiased E3-RING centric network, which can inform studies in many different areas of ubiquitin biology. Finally, both experimental and literature derived evidence is provided to support the observation that large numbers of human E3-RING proteins form stable, enzymatically active complexes, which have the potential to alter the specificity, activity or form of target ubiquitination.
EXPERIMENTAL PROCEDURES

Construction of Y2H Bait and Prey
Clones-Generation of the human E3-RING prey Y2H clone collection in pACTBD(/E)-B was described previously (7) . The E3-RING prey Y2H clone collection in pGAD was extended from previously described (7) to include a subset of E3-RING proteins that had shown interactions in the pACT vector (supplemental File S1). Bait Y2H vectors pGBAD/E-B were generated previously (18) . To generate the E3-RING bait Y2H clone collection in either pGBAD-B or pGBAE-B proof-read PCR products were generated from sequenced pDONR223 or pACTBD-B Y2H constructs by proof reading KOD polymerase PCR, according to manufacturer's instructions, before being transferred into bait vectors by in vivo gap repair cloning as previously described (18) . This approach gave E3-RING collections in both bait and prey that were distributed across the entire E3-RING family. All constructs were sequence verified to confirm correct ORF insertion.
Yeast Two-Hybrid Matrix Screens-E3-RING bait clones were systematically mated against arrays of E3-RING prey clones on YPAD media for a period of 18 h. Diploids were selected following replication and growth on -Leu/-Trp plates for 48 h. Activation of the auxotrophic ADE2 and HIS3 reporters was independently assayed by replication to media lacking adenine or histidine (ϩ2.5 mM 3AT). Growth on selective plates was scored over a period of 10 days. Activation of the enzymatic reporter gene LacZ was assayed after 5 days incubation on -Leu/-Trp plates. Briefly, yeast colonies were transferred to filter paper prior to repeated freeze/thaw fracturing in liquid nitrogen. Filter papers were then incubated in ␤-Gal substrate solution (6 mls Z buffer (60 mM Na 2 HPO 4 , 40 mM Na 2 H 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 ) 1.6 mg/ml X-Gal reagent (100 mg/ml in N,Ndimethylformamide), 11 l ␤-mercaptoethanol) at 37°C for up to 18 h to allow the development of a blue-white color change indicating the presence of an interaction. E3-RING screens in pACTBD/E-B were initially performed in pools, which were then deconvoluted to identify specific interactions. All pGAD screens were performed as direct pair-wise matings (See supplemental Experimental Procedures for more details).
Co-expression and Immunoprecipitation-Cells were transfected using GeneJuice® (Merck Biosciences, Germany) in Dulbecco's modified Eagle's medium with no additional supplements at a ratio of 3 l transfection reagent to 1 g total DNA according to the manufacturer's instructions. The amount of DNA used was adjusted to achieve optimal/equivalent levels of tagged protein expression in each experiment. Washed cells were lysed in 500 l radioimmunoprecipitation assay buffer (10 mM Tris-HCl pH7.5, 150 mM NaCl, 1% w/v Triton X-100, 0.1% w/v SDS, 1% sodium deoxycholate) supplemented with mammalian protease inhibitor mixture (1:250 dilution) for 20 min on ice. Forty-eight microliters of the resulting supernatant was removed and added to 12 l 5 ϫ sample buffer (SB, Final concentrations: 62.5 mM Tris-HCl pH 6.8, 3% SDS, 10% glycerol, 3.3% 2-mercapotethanol, 0.01% bromphenol blue), prior to heating at 95°C for 5 min. A 432 l aliquot of the supernatant was then incubated with 30 l protein-G agarose (Sigma Aldrich, Poole, UK) and 1.5 l sheep anti-GFP (gift from Ian Prior, University of Liverpool) prior to mixing at 4°C for 4 h. Agarose beads were then pelleted by centrifugation (13,000 rpm at 4°C for 30 s), before being washed three times in ice cold IP wash buffer (0.1% Nonidet P-40, 25 mM Tris-HCl pH7.5 and 150 mM NaCl) and once in 10 mM Tris pH7.5, to remove remaining detergent. SDS-PAGE sample buffer was then added to the remaining beads prior to denaturing at 95°C for 5 min and subsequent analysis by gel electrophoresis and Western blotting.
Flourescence Microscopy-Cells were transfected with EGFP tagged expression constructs as described for Co-IP studies above prior to fixation in 4% paraformaldehyde. Coverslips were then washed 3 ϫ 5 min in PBS and rinsed in DH 2 0, prior to being mounted onto a microscope slide facing downwards in Vectashield™ (Vector Laboratories, Peterborough, UK) containing DAPI for nuclear visualization.
GST Tagged Construct Generation, Production and Cleavage-GST conjugated E3-RING proteins for in vitro ubiquitination assays were prepared by inoculating 5 ml of 2XTY plus antibiotic with Rosetta™ 2(DE3) Singles™ Competent Cells (Invitrogren, UK) containing the required construct. Cultures were incubated at 37°C overnight prior to addition of 45 ml of 2XTY broth plus antibiotic, supplemented with 100 M ZnCl 2 to aid correct folding of E3-RING domains. Cultures were then grown to an OD 600 of 0.8 -10 prior to addition of 100 M IPTG and incubation for 16 -18 h at 18°C at 220 rpm. Cultures were then centrifuged at 4300rpm at 4°C for 25 min before the pellet was resuspended in 1 ml sterile cold PBS and protease inhibitors were added (10 l PMSF, 1 M leupeptin hemisulphate, 1 M pepstatin) prior to snap freezing in liquid nitrogen and over-night storage at Ϫ80°C. Pellets were thawed on ice prior to addition of lysozyme to 1 mg/ml and incubation on ice for 30 min. Samples were then sonicated 3ϫ 5s prior to addition of 1 l DNAse1 and passage through a hypodermic needle to reduce viscosity. Samples were centrifuged at 33,000 rpm at 4°C for 1 h prior to incubation with 50 l glutathione cellulose beads for 2 h at 4°C to bind the conjugated protein. Beads were then washed 3 ϫ 1 ml in high salt buffer (NaCl 500 mM, Tris 25 mM pH 8.0) and 3 ϫ 1 ml in high salt buffer (NaCl 150 -200 mM, Tris 25 mM, pH 8.5) before addition of elution buffer (50 mM Tris, 50 mM NaF, 270 mM sucrose, 10 mM glycerol 2-phosphate disodium salt hydrate and 20 mM reduced glutathione, pH8.0). Samples were incubated at 50 rpm for 20 min at RT. Second and third eluates were collected by the same protocol. All elutions were analyzed using SDS-PAGE to estimate the protein concentration in comparison with a BSA standard and to verify the MW of protein product.
To produce cleaved E2 proteins for functional and biophysical assays, culture/inhibitor and bead volumes were all ratiometrically increased to give a 500 ml or 1 liter overnight culture prior to collection and freezing. Cells were then lysed using a French press prior to centrifugation at 4000 rpm for 5 min at 4°C. Samples were incubated with 500 l glutathione cellulose beads for 2 h at 4°C to bind the conjugated protein. After binding beads were washed with 500 ml high and 500 ml low salt buffer prior to incubation with 5 ml low salt buffer plus 50/100 l PreScission™ Protease (GElifesciences, UK) overnight at 4°C. Cleaved protein was then eluted from the column prior to concentration using a Vivaspin 6 3kDa MWCO column (GE Healthcare) at 4,300rpm at 4°C. Samples were snap frozen and stored at Ϫ80°C until use.
In Vitro Ubiquitination Assays-His tagged E1-activating enzyme was from Boston BioChem (MA). Bovine ubiquitin and adenosine tri-phosphate (ATP) were from Sigma. Rabbit polyclonal anti-ubiquitin antibody was from Millipore (MA). Each reaction was undertaken as described previously (7).
Data Curation, Integration and Analysis-Protein interaction data was extracted from public databases HPRD, MINT, BioGrid and Intact as previously described (7). The E3-RINGs were also used to perform a further network analysis using the commercial MetaCore™ tool before exporting the interaction network into Cytoscape 2.6, integrating it with the public database sourced data sets and removing any redundant interactions. Molecular function enrichment was conducted using DAVID Functional annotation tool using the E3-RING ubiquitome as a background gene list and a p value cutoff of 0.05. Heatmaps were generated in R 2.10.1 using the heatmap.2 function. All basic interaction data analysis was performed using bespoke PERL programs generated using the PERL express text editor and run in PERL version 5.10.
E2 co-occurrence was calculated for E2s that contained Ն10 E3-RING interactions in the total E2/E3-RING data set (with the exception of UBE2V2 (Interactions ϭ 8), which was included for comparison with the closely related UBE2V1). The total number of E3-RING subnetworks that both E2s were present in was divided by the total number of networks containing the E2 on the horizontal axis (i.e. its E3-RING degree).
The tissue expression data from 79 tissues was obtained and binarized at either a stringent cutoff used previously (250) (19) , or a lower cutoff used as inferred expression in the original study (200) (20) . This data was then mapped onto the node IDs represented in the physical interaction map to ascertain total coverage and co-expression.
Mass spectrometry identified ubiquitination sites (21-23) were converted from IPI accessions numbers to entrez gene IDs using the online tool bioDBnet, with only ubiquitination sites unambiguously assigned to a single gene ID taken forward for further analysis. Duplicated results were then removed taking the lower annotated site position to give a nonredundant list of annotated entrez gene IDs.
RESULTS
Construction, Benchmarking and Validation of a Binary E3-RING Dimerization
Network-Systematic investigation of E3-RING dimers poses two main challenges. First, E3-RING dimers form by different modes of interaction (12, 17, 24 -26) , therefore the spread of binding affinities, or our ability to detect dimers, may be more variable than for E2/E3-RING interactions. Second, a high network density is required to reveal combinatorial patterns of homo and heterotypic interaction. To address these challenges we have applied the principle of "screen complementarity." Three important studies (27) (28) (29) have demonstrated the fact that independent assay systems generate overlapping yet distinct data sets. With this principle in mind we reasoned that detection of E3-RING dimers could be enhanced by integrating data from two appropriately selected Y2H systems. Therefore, screen 1 was performed using the pACTBE(/D)-B medium expression prey vector (18) testing 10,049 potential interactions, whereas Screen 2 was performed using the low expression level pGAD prey vector (30) testing 4097 potential interactions. Initially a total of 477 interactions were detected in Screen 1, involving 72% of tested E3-RING clones. Fewer interactions (57) were detected in Screen 2, with only 41% of tested clones reporting positive hits (supplemental Fig. S1 , supplemental Files S2 and S3). This raw data was then filtered to achieve a nonredundant set of 7269 tested interactions between 124 soluble E3-RINGs (supplemental Experimental Procedures). To combine interactions from Screens 1 and 2 into a format that reflects detection stringency, data was normalized for node promiscuity (supplemental Fig. S2 ). Data from Screen 2 and known literature derived interactions (LDIs) were used to establish a stringency filter for data derived from Screen 1. In this way network coverage was increased while eliminating a specific subset of interactions observed between promiscuous constructs that were only seen in Screen 1 (Supplemental Fig. S3 ). The resulting filtered data set contains 228 benchmarked dimeric interactions between 100 annotated E3-RINGs (Fig. 1A , supplemental File S4). A detailed description of the clone sets utilized and the Y2H experimental and analytical work-flow is provided in supplemental Experimental Procedures.
To assess the efficacy of our benchmarking procedure and assign confidence levels to interactions observed in either or both screens, data from Screens 1 and 2 were analyzed to assess the proportion of known interactions detected in each data set. Of the 58 tested LDIs 40% were reconfirmed in our Y2H screens (Fig. 1B) , indicating a comparable false negative rate to that reported in several previous publications (28, 29) . Crucially, 14 of the 23 reconfirmed LDIs were only detected in one of the two screens (Fig. 1C) . Also, seven of the LDIs tested in both screens were only detected in Screen 1, thus emphasizing the utility of dual screening methods for this particular class of binary interactions. Finally, a representative set of 32 positive (14% of total) and 10 negative Y2H interactions were retested in targeted Co-IP experiments using stringent assay conditions. The validation rate for interactions uniquely detected in Screen 2 was 67%. However, the verification rate for interactions detected in both Screens 1 and 2 was even higher at 78%, thereby demonstrating a very high correlation between primary Y2H data and our ability to detect the formation of corresponding E3-RING complexes in mammalian cells (Fig. 2 and supplemental File S4) . Although the validation rate for interactions only detected in Screen 1 was lower (27%), 48% of reconfirmed LDIs were only detected in Screen 1. Therefore, it is highly likely that this data set contains a significant number of novel true-positive interactions that are not represented in data from Screen 2. Also, the degree of similarity observed between Y2H and Co-IP studies shows that ϳ64% of tested interactions gave comparable results in both assays. This degree of similarity is consistent with trends observed in published comparisons between Y2H and Co-IP based methods (29) .
LDIs not tested/observed in this study were integrated with our Y2H data to generate a final human E3-RING/E3-RING interaction network containing 59 homo-and 270 heterotypic dimers between 138 E3-RING proteins, of which 205 interactions are novel (Figs. 1A and 1C) . Results from this study highlight the potential advantages of rationally applying the principle of "screen complementarity" to enhance network coverage and the selective yet widespread occurrence of homo-and heterotypic E3-RING complexes. The protein interactions from this publication have been submitted to the IMEx (http://www.imexconsortium.org/) consortium through IntAct (pmid: 17145710) and assigned the identifier IM-15696.
Constructing an Extended E3-RING Centric Network-To provide new insight into the spectrum of physiological processes that may be affected by E3-RING oligomerization events it was necessary to assemble an updated ubiquitome network, which enables the hierarchical relationship between different E2/E3-RING complexes and potential substrate proteins to be investigated. A list of 309 high confidence human E3-RING genes was generated from two previous Y2H studies (7, 8) and a bioinformatic analyses of annotated human E2 and E3-RING genes (4) (supplemental File S1). All available human E2/E3-RING interaction data was then extracted from literature and public databases to generate a combined highdensity E2/E3-RING network containing 233 nodes and 966 binary interactions (supplemental File S5). This data not only re-emphasizes the combinatorial complexity that exists at this level of the human ubiquitome, but also reveals recurrent patterns of selective E2/E3-RING interaction; whereas global analysis shows that partner preference is not simply conferred by primary sequence similarity, subfamilies of E2 proteins do tend to have common E3-RING partners (supplemental Fig.  S5A and B) . This trend is most striking between members of the UBE2E family and UBE2W; all of which bind almost exclusively to a subset of E3-RINGs that also interact with members of the UBE2D family. Interestingly, both UBE2W and members of the UBE2D family are both known to monoubiquitinate target proteins in a priming reaction, prior to chain elongation by other E2 proteins, thus suggesting a potential for overlapping functionality (13, 31, 32) . A similar binding pattern was also observed with the UBE2V inactive E2-like variants, as UBE2V2 interacts with a subset of E3-RINGs that also bind to UBE2V1, whereas both occur in a subset of D family binding E3-RINGs. Interestingly, the inactive TSG101 variant shows a completely distinct E3-RING
FIG. 1. E3-RING/E3-RING network generation. A, Heatmap showing reported E3-RING/E3-RING interactions. Identical lists of E3-RINGs
are ordered by sequence similarity on both axes. Colored boxes represent data source as indicated in the key. B, Reconfirmation rates for tested published interactions and the methodology used to observe them previously. C, Proportion of total interaction network derived from each data set described in (A), Lit ϩ 1 Y2H screen data sets pooled into one group for bar chart.
binding profile in concordance with its divergent functions from other E2 variants.
As E3-RING proteins mediate both recruitment of E2 proteins and substrate recognition, it is possible that a one-step extended E3-RING network may reveal subnetworks in which E3-RING dimerization events have the potential to change "information-flow" within human ubiquitination cascades. In addition, network structure and functional hierarchy may be dictated by cell-type specific expression of different network components. To investigate these possibilities data from public databases was combined with an extended network analysis in MetaCore™ (http://www.genego.com/metacore.php) prior to integration with novel E3-RING/E3-RING interactions observed in this study, in order to generate a final nonredundant human E3-RING centric network containing 4173 interactions involving 2047 different proteins (Fig. 3A , supplemental File S6).
To investigate the potential for cell-type specific interactions this network was then integrated with gene expression data from 79 differing tissues (20) . A previously established stringent cutoff of 250 (19) was utilized to define the presence or absence of protein expression. Interestingly, almost half (49%) of mapped nodes were expressed in almost all (Ն71/ 79) tissues (Fig. 3B) . However, interactions between these proteins account for only 15% (468) of total interactions within the E3-RING centric network (Fig. 3C) . Therefore, although a core set of common interactions may drive fundamental ubiquitination processes in all cells, the majority of interactions appear to be cell-type specific. This trend is also highlighted by the fact that 38% (1162) of interactions involve nodes that are co-expressed in Յ20/79 tissues (Fig. 3C) . Significantly, this trend persists when a lower cut-off value of 200 is used to infer protein expression patterns (Supplemental Fig. S6A , B, and C; supplemental File S7). It is therefore possible that cell-type specific variations in combinatorial preference may alter both network structure and function. Interestingly, transcriptional control processes are significantly enriched within the core co-expression network, suggesting that highly conserved ubiquitination cascades may regulate transcriptional networks in many differing cell types (supplemental File S7).
Finally, the E3-RING ubiquitome was integrated with three recent large-scale mass spectrometry studies that identify ubiquitin (or NEDD8) modification through a di-gly post tryptic signature (21) (22) (23) . Together these studies identified 22,468 unique sites across 5812 Entrez gene IDs (supplemental File S8). Significantly, 1177 ubiquitination targets are represented within our E3-RING ubiquitome with ϳ60% of E3-RING binding proteins (not including other ubiquitination related proteins) containing ubiquitinated residues (Table  inset in Fig. 3A) . Ubiquitinated proteins within this network show a wide range in their frequency of modified sites that is independent of the number of known E3-RING binding partners (supplemental Fig. S6D and E) .
Together these data provide the first large-scale human E3-RING interaction network, which can be used to predict partner preferences within different ubiquitination cascades. Having generated this extended E3-RING centric network we were particularly interested to identify modules or subnetworks that contain examples of (1) non-E2 binding E3-RING proteins; (2) common nonubiquitin cascade interaction partners, (3) both homo-and heterotypic E3-RING interactions, or (4) heterodimers in which individual E3-RING proteins form active complexes with different sets of E2 proteins.
Subnetworks that Contain a Non-E2-Binding E3-RING Protein-Despite multiple systematic screens and large numbers of focused biochemical studies, there is still a subset of E3-RING proteins that do not have any known E2 partners (9) . Although in some cases this trend may reflect technical bias in available datasets, there is now convincing evidence for heteromeric E3-RING complexes (BRCA1:BARD1 and RNF2:BMI1) where only one of the E3-RING partners is functional with E2-proteins. It is highly probable that further examples of this form of "facilitated" E2/E3-RING interaction may occur within the human ubiquitome. In our studies, members of the PCGF subfamily were each found to interact with the closely related RING1 and RNF2 proteins in both Y2H and Co-IP experiments (Figs. 2B and 4A ). Although some of these interactions have been observed in co-complex studies (33) , this is the first evidence of specific binary interaction preferences within this subnetwork of functionally related proteins. Furthermore, all RNF2 Co-IP positive interaction partners were also found to localize to the nucleus (Fig. 4C) . Auto-ubiquitination assays of four subnetwork components show that within these E3-RING pairs only RNF2 is capable of independently functioning with selected E2 proteins in vitro (Fig. 4B) . Thus supporting the hypothesis that facilitated recruitment of E2s is necessary for members of the PCGF family to function as active dimeric ligases.
RING1 and RNF2 both regulate epigenetic control through their involvement in the PRC1 complex, which represses transcription through mono-ubiquitination of histone H2A (33) . This activity is significantly enhanced by BMI1, PCGF1, and PCGF2 in vivo (12, 34, 35) , thus providing evidence for a functional relationship between select E3-RING complexes identified in this study. Furthermore, a recent report highlights the overlapping yet distinct functions of PCGF family members, showing that although PCGF3 and BMI1 are recruited to sites of DNA damage together with RNF2 but not RING1, they show differential dynamics of site occupancy (36) . Analysis of the PCGF subnetwork shows that RNF2 has the potential to mediate a wide range of ubiquitination reactions through selective interaction with different members of the PCGF family (Fig. 4D1) . Also, heterotypic interaction with RING1 would alter the range of E2 proteins that are recruited to PCGF specific substrates (Fig. 4D2) . Thus, our data supports a model in which different E3-RING heterodimers could mediate modification of either the same (histone H2A) or distinct (cyclin D2) E3-RING specific substrates, thereby imposing different functional consequences.
Subnetworks of E3-RING Hetero-dimers That Share Common Nonubiquitin Cascade Partners-To further investigate combinatorial subnetworks involving heteromeric E3-RING complexes a "common intersection" analysis was performed to identify specific subnetworks in which two interacting E3-RING proteins share common non-E2 or E3-RING partners ( Fig. 5A and supplementary File S6) . From this analysis 36 E3-RING heterodimers were identified that share Ն3 common partners, including well studied examples such as RNF2: BMI1, BRCA1:BARD1, and MDM2:MDM4. However, the vast majority of subnetworks from this study were functionally uncharacterized and provide a resource for future experimental studies. For example, the novel TRAF5:TRAF6 and PML:RNF111 complexes identified in this study are implicated in signal transduction control and SMAD signaling respectively (For further description of these interactions see supplemental Experimental Procedures and supplemental Homo-or Heterotypic E3-RING Interactions-As many E3-RING proteins exhibit both homo-and heterotypic interactions there is a strong potential for conditional changes in stiochiometry within multimeric E3-RING complexes (Fig. 1A) . The Y2H network generated in this study verifies, or contributes to, 35 of the 49 known homo-and heterodimerising subnetworks (Fig. 5B) . To test the hypothesis that nonproteolytic dimerization events may be prevalent among phylogenetically related E3-RING proteins, subnetworks were generated for the 19 E3-RINGs that form both homo-and heterodimers in our study. Further functional validation was then undertaken to investigate two subnetworks within the TRIM subfamily of E3-RINGs. TRIM39 and TRIM5 homo-and heterotypic interactions were verified by stringent Co-IP assays whereas no interactions could be detected between pairings not detected in our Y2H studies (Figs. 5C and 5D and supplemental Figs. 8A and C). No reduction in protein stability was observed during co-expression with interacting E3-RING proteins (TRIM5:TRIM32 or TRIM39:TRIM17 complexes), implying that the observed interactions represent stable multimeric complexes rather than E3-RING/substrate interactions. Interestingly, components of these heterodimeric pairs have also independently been implicated in common cellular functions; TRIM17 and TRIM39 in apoptosis (37, 38) , TRIM5 and TRIM32 in the anti-HIV response (39 -42) , re-enforcing the potential physiological significance of these and other novel interactions observed in this study.
A variety of E3-RINGs are known to assemble into large homo-multimers, which have been shown to enhance ubiquitination activity (15, 17) . In contrast to previously charac- terized heteromeric E3-RING complexes, where only one of the E3-RING proteins has been shown to function with E2 proteins, our verified TRIM protein subnetworks provides the first examples of stable E3-RING heteromeric complexes in which all interaction partners can independently bind E2 proteins to form functional ubiquitination complexes ( Fig. 5E and supplemental Fig. S8B ). Furthermore our data show that TRIM39 and TRIM17 function efficiently with an overlapping, but distinct, set of E2 proteins. As such, it is possible that a process of selective or conditional heterodimerization may control either the affinity of substrate binding or recruitment of different E2 proteins, in order to regulate the architecture or target of ubiquitination (Fig. 5C ). It is highly likely that this kind of conditional subnetwork is a recurrent theme within human ubiquitination cascades as many more examples can be found within our extended E3-RING centric network (supplemental Fig. S9 ).
DISCUSSION
An emerging principle in network biology is the fact that different interaction techniques generate overlapping yet complementary data (29) . Interestingly, this is equally true for results derived from different variants of the classic Y2H system (27) . As a result, it is now clear that node coverage and network density can be significantly increased by the integration of data from complementary, or even parallel, studies performed in different vector/host-strain combinations. These observations are particularly pertinent for the analysis of focused biological networks in which combinatorial interactions have the potential to confer variations in network structure, information flow, and physiological consequence. In such cases, partner specificity and combinatorial preferences have been effectively revealed by systematic screens, which provide functionally unbiased highdensity network coverage. In this study these principles have been used to generate a novel human E3-RING network that reveals a widespread potential for the formation of selective homo-and heteromeric E3-RING complexes. In addition, complementary Co-IP studies were performed to assign confidence levels to novel Y2H data and to verify predicted interactions that have the potential to confer differential, or conditional, information flow within human ubiquitination networks. By integrating this data into a network of all known E3-RING interactions it was possible to generate an E3-RING centric network, which provides a resource that can be used to inform hypothesis driven studies into a diverse range of E3-RING mediated ubiquitination events. Finally, we have analyzed this network to extract biologically interesting subnetworks and generated functional hypothesis that are supported by both literature and experimental observations. The canonical E3-RING mediated ubiquitin cascade is often depicted as a simple linear process in which ubiquitin is transferred from an E1-activating enzyme, via an E2/E3-RING complex to a selective target. However, homo-and heterotypic E3-RING interactions within the human ubiquitome have the potential to confer an important level of combinatorial complexity within human ubiquitination cascades, a trend that is particularly prevalent among the TRIM, TRAF and PCGF subfamilies. Phylogenetically distinct E3-RINGs have been shown to form higher order structures, which have enhanced catalytic activity or altered partner preferences (15-17, 33, 43) . Given the large numbers of heterotypic E3-RING interactions detected in this study it is possible that formation of multimeric E3-RING complexes may provide a general mechanism of controlling information flow within human ubiquitination cascades through differential E2 or substrate recruitment, thereby mediating different functional outcomes in a conditional manner. In support of this hypothesis, we observed ubiquitination activity for both heterodimeric E3-RING partners that were shown to form stable complexes in human cells. It seems reasonable to expect that some of the E3-RING pairs observed in our study may actually represent E3-RING/ substrate interactions (9) , which in vivo may drive the modification or degradation of one or both partners. Although our co-expression studies show no signs of partner mediated degradation, previous studies have shown that this can occur (44), we therefore expect that both forms of E3-RING dimerization will be represented and functionally important within the human ubiquitome.
As protein ubiquitination is implicated in a broad range of biological and pathological processes it is essential that we develop a better understanding of the multiple levels of combinatorial control that exist within this important system of post-translational regulation. The high-density binary E3-RING network generated in this study provides a new resource for studying the molecular basis of selective E3-RING interactions and the investigation of combinatorial modules that regulate specific physiological processes in different human cell types.
